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Abstract 

The  composition  and  preparation  procedure  have  been  developed  for  a  strong,  integral  Li2S04-based  gas-impermeable  proton-conducting 
membrane.  Incorporation  of  both  AI2O3  and  boric  acid  enhances  mechanical  and  electrical  properties.  The  membrane  has  been  characterized 
using  scanning  electron  microscope  (SEM),  energy  dispersive  X-ray  (EDX)  and  electrochemical  impedance  spectrum  (EIS)  techniques.  Use 
of  the  sodium  salt  of  poly  (aery  lie  acid)  as  an  organic  binder  provided  no  improvement  in  membrane  integrity,  and  caused  severe  AI2O3 
segregation  to  the  membrane  surface.  Addition  of  H3BO3  (2.5  or  5  wt.%)  significantly  improved  membrane  integrity  and  slightly  decreased  its 
electrical  resistivity.  The  membrane  is  stable  in  H2S-air  fuel  cell  applications.  There  was  no  cross-over  of  H2S  through  the  improved  membrane. 
Composite  anodes  based  on  metal  sulfides  had  superior  performance  compared  to  Pt  catalysts  for  conversion  of  H2S.  Membranes  comprising 
75-90  wt.%  Li2S04  and  10-25  wt.%  A1203  to  which  2. 5-5.0  wt.%  H3B03  was  added  showed  similar  current-voltage  and  current-power 
performance,  and  had  maximum  current  density  about  40  mA  cm-2  and  maximum  power  density  about  20  mW  cm-2. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

ELS  is  one  of  the  most  noxious,  poisonous  and  abundant 
air  pollutants,  found  in  natural  gas  and  several  processing 
and  other  industrial  effluent  gas  streams.  It  is  converted 
to  elemental  sulfur  using  the  Claus  process.  In  the  Claus 
process,  the  chemical  energy  of  the  oxidation  reaction  is 
either  vented  or  partially  recovered  as  low-grade  steam. 
Fuel  cell  technology  provides  an  economically  and  environ¬ 
mentally  desirable  alternative  FLS  processing  capability  by 
generating  high-grade  electric  power  from  the  large  amount 
of  chemical  energy  associating  with  the  oxidation  of  FLS 
[1].  FLS  is  converted  with  high  selectivity  to  useful  chemical 
raw  materials,  such  as  high-purity  sulfur. 

In  1987,  Pujare  et  al.  reported  the  first  direct  FLS-air  solid 
oxide  fuel  cell  (SOFC)  [1].  Oxygen  is  the  preferred  as  cath¬ 
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ode  feed,  but  is  more  expensive  than  air.  Since  then,  efforts 
have  been  directed  toward  improvement  of  cell  performance 
[2-11].  A  preferred  electrolyte  is  oxide  ion-conducting 
yttria-stabilized  zirconia  (YSZ),  the  characteristics  of  which 
are  well  known  from  use  in  SOFC  for  FL-air  fuel  cells.  Either 
Pt  [3-5,8-11]  or  strontium-doped  lanthanum  manganite 
(LSM)  [1,2,6]  is  used  as  cathode  catalyst.  Although  Pt 
has  been  used  as  anode  catalyst,  it  degraded  quickly  in  a 
high- temperature  FLS  atmosphere.  Currently,  it  is  generally 
accepted  that  the  choice  of  anode  materials  is  limited 
primarily  to  metal  sulfides,  such  as  thiospinels  [1,2],  WS2 
[2,6],  C0S1.035  [6],  or  LL S/CoS  1.035  [6].  High-performance 
composite  metal  sulfide-based  anodes  for  H2S-air  SOFC 
were  developed  recently  in  our  laboratories.  In  particular,  it 
was  shown  that  a  composite  Ni-Mo-S  catalyst  derived  from 
M0S2  and  NiS  [12],  admixed  with  YSZ  as  ionic  conductor 
and  Ag  as  electronic  conductor,  had  good  performance  and 
durability  [11].  Using  this  composite  anode  and  a  0.2  mm 
thick  YSZ  membrane,  a  current  density  of  820  mA  cm-2 
was  obtained  at  235  mV  and  the  maximum  power  density 
was  over  200  mW  cm-2  at  0.77  V  [1 1]. 
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Fig.  1.  Electrochemical  processes  in  F^S-air  fuel  cells,  (a)  Proton¬ 
conducting  membrane;  (b)  oxide  ion-conducting  membrane. 


The  nature  of  the  membrane  determines  the  manufac¬ 
turing  requirements  and  mode  of  operation  of  conventional 
H2-air  fuel  cells,  and  this  is  also  true  for  H2S-air  fuel 
cells.  The  ions  (H+;  O2-)  conducted  within  the  membrane 
determine  the  electrochemical  processes  occurring  in  the 
fuel  cell,  as  shown  in  Fig.  1  and  Table  1.  When  proton¬ 
conducting  membranes  are  used  in  an  F^S-air  fuel  cell, 
high-purity  sulfur  is  the  only  product  obtained  in  the  anode 
chamber  and  water  is  the  only  product  formed  in  the  cathode 
chamber.  With  oxide  ion-conducting  membranes,  elemental 
sulfur,  H2O  and  SO2  are  formed  in  the  anode  chamber, 
thus  requiring  further  processing  of  the  stream  to  remove 

S02. 

Both  oxide  ion-conducting  and  proton-conducting  mem¬ 
branes  have  been  used  in  previous  laboratory  F^S-air  fuel 
cells.  Pujare  et  al.  used  calcia-stabilized  zirconia  as  well 
as  YSZ  as  electrolyte  [2].  Kirk  and  Winnick  investigated 
the  performance  of  cells  using  yttria-  or  samaria-doped 
ceria  (oxide  ion-conducting)  or  ytterbia-doped  strontium 
cerate  (proton-conducting)  as  membranes  [3].  Peterson  and 
Winnick  reported  the  use  of  Li2S04  as  proton-conducting 
electrolyte  material  in  F^S-air  fuel  cells,  and  achieved  a  max¬ 
imum  short-circuit  current  density  of  12  mA  cm-2  at  725  °C 
[4].  Ytterbia-doped  strontium  cerate  (SrCeo.95Ybo.05O3)  is  a 
potentially  useful  proton-conducting  electrolyte  for  F^S-air 
fuel,  but  it  converts  to  non-conductive  SrS04  with  time  on 
stream  [4].  In  contrast,  Li2S04  is  a  stable  proton-conductor 
for  H2S-air  fuel  cells  [7].  X-ray  diffraction  (XRD)  analysis 
of  Li2S04  membrane  showed  no  change  in  composition  of 


the  membrane  over  time  on  stream  [3].  However,  Li2S04 
membranes  are  fragile  and  friable. 

The  most  challenging  task  for  development  of  H2S-air 
fuel  cells  using  a  proton-conducting  membrane  is  de¬ 
velopment  of  a  membrane  with  chemical/thermal  sta¬ 
bility,  mechanical  strength,  electrical  conductivity  and 
gas-impermeability.  Currently,  no  such  membrane  is  com¬ 
mercially  available.  We  will  now  show  that  addition  of 
boric  acid  to  a  Li2S04-Al203  proton-conducting  membrane 
greatly  improves  membrane  integrity  without  compromising 
electrical  performance.  Independent  studies  have  shown 
that  membranes  of  the  present  composition  are  proton- 
conductors,  using  hydrogen  concentration  cell  techniques 
[13,14].  Fuel-cell  performance  with  the  widely  reported  Pt 
anode  catalyst  will  be  compared  to  performance  using  metal 
sulfide-based  composite  anodes. 


2.  Experimental 

2.7.  Preparation  of  membranes 

To  prepare  a  membrane  with  a  designed  composition,  the 
appropriate  amount  of  L^SCU  (and  H3BO3,  when  needed) 
was  weighed  and  mixed  with  water.  The  amount  of  water 
was  insufficient  to  effect  total  dissolution.  The  complemen¬ 
tary  amount  of  AI2O3  was  added,  and  the  mixture  then  was 
mixed  well  to  form  a  paste.  The  paste  was  dried  in  air,  then 
ground  to  powder  until  the  particle  size  was  smaller  than 
75  pan.  An  aliquot  of  the  powder  was  weighed  (~1— 1 .5  g), 
loaded  into  a  2.54  cm  die,  and  then  compressed  for  about  0.5  h 
under  30 1  pressure  to  form  a  wafer.  The  wafer  so  obtained 
was  heated  in  air  in  an  oven,  first  at  105  °C  for  30-60  min  and 
then  at  800  °C  for  360  min.  The  weight  of  the  wafer  was  ap¬ 
proximately  10  wt.%  less  than  the  initial  weight  of  products, 
due  to  emission  of  water. 

Wafers  were  also  prepared  using  1-2  wt.%  of  poly  (aery  lie 
acid,  sodium  salt)  (MW  =  2100)  as  an  organic  binder  which 
was  added  to  the  Li2S04-water  paste.  The  binder  was  burned 
out  completely  when  heating  the  wafers  in  air.  The  resulting 
membranes  were  porous,  and  were  gas  permeable. 


Table  1 

Electrochemical  reactions  in  F^S-air  fuel  cells  with  different  membranes 

Electrolyte  type  Anode  reaction(s)  Electrolytic  conduction  Cathode  reaction 

(a)  Proton-conducting  H2S  —  2e_  — >  2H+  +  I/2S2  (1)  Protons  (H+)  transfer  O2  +  4H+  +  4e_  — > 

from  anode  side  to  2FCO  (7) 

cathode  side 

H2  -  2e"  -*  2H+  (2 )a 

(b)  Oxide  ion-conducting  H2S  +  202-  —  6e_  — ►  2H+  +SO2  (3)  Oxide  ions  (O2-)  O2  +  4e_  — >  202~  (8) 

transfer  from  cathode 
side  to  anode  side 

H2S  +  02“  -  2e~  -*  H20+  1/2  S2  (4) 

2H2S  +  S02  -*■  2H20  +  3/2S2  (5) 

H2  +  02“  -2e-^H20(6)a 


Overall  cell  reaction(s) 


2H2s+o2- 

■>  2H20  + 

1/2S2  (9) 

2H2  +  02  -* 

2H20  (10)a 

2H2S  +  302 

— >  2H20  + 

2S02  (11) 

2H2S  +  02- 

■»  2H20  + 

1/2S2  (9) 

2H2  +  02  -* 

2H20  (10)a 

a  H2  results  from  the  internal  reforming  of  H2S  at  temperatures  in  excess  of  700  °C  according  to  the  following  reaction:  H2S  (g)  <£>  H2  (g)  +  I/2S2  (g)  (12). 
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Membranes  having  a  range  of  compositions  have  been 
prepared.  The  weight  ratio  of  O2SO4  to  AI2O3  was  normally 
selected  to  be  either  90: 10  or  75:25.  No  significant  advantage 
was  found  from  use  of  alternative  ratios: 

(1)  Pure  Li2SC>4. 

(2)  90wt.%Li2S04  +  10wt.%  A1203. 

(3)  98-99  wt.%  (0.9Li2SO4 +  O.IAI2O3)  +  1-2  wt.%  poly 
(acrylic  acid,  sodium  salt)  (MW  =  2100). 

(4)  95  wt.%  (0.9Li2SO4  +  0. 1 A1203)  +  5  wt.%  H3BO3. 

(5)  97.5  wt.%  (0.9Li2S04  +  0.1Al203)  + 2.5  wt.%  H3BO3. 

(6)  95  wt.%  (0.75Li2SO4  +  0.25Al2O3)  +  5  wt.%  H3BO3. 

Wafers  to  be  used  as  electrolyte  disks  were  first  checked 
for  possible  pinholes  and  cracks  using  an  optical  micro¬ 
scope.  Only  disks  with  no  visibly  discernable  defects  were 
used. 

All  chemical  materials  used  in  this  work  were  obtained 
from  Alfa-Aesar,  except  as  otherwise  indicated. 

2.2.  Characterization  of  membranes 

Morphologies  of  the  membranes  were  studied  in  detail 
with  SEM  and  EDX  techniques  using  a  Hitachi  S-2700 
scanning  electron  microscope  and  PGT  Imix  system  with  a 
PRISM  IG. 

Pt  paste  was  applied  on  both  sides  of  membranes  to  be 
used  to  measure  membrane  electrical  resistivity,  and  the  as¬ 
sembly  then  was  heated  in  air  at  750  °C  for  30  min.  After 
the  membrane  had  been  slowly  cooled  to  room  tempera¬ 
ture,  it  was  installed  in  the  fuel  cell  test  station  according 
to  the  same  procedure  as  in  fuel  cell  tests  (see  below).  Pt 
contacting  leads  were  attached  to  the  Pt  electrodes  of  the 
membrane.  The  resistivity  of  each  membrane  was  measured 
at  selected  temperatures  (450-675  °C).  The  temperature  of 
the  membrane  was  adjusted  (either  increased  or  decreased) 
at  5°Cmin_1  to  minimize  thermal  shock.  After  a  selected 
temperature  had  been  maintained  for  30  min,  resistivity  data 
were  acquired  using  conventional  EIS  methodology  (see 
below). 

2.3.  Preparation  of  PEN  (positive-electrolyte-negative) 
assemblies 

To  prepare  a  PEN  assembly,  Pt  paste  (Heraeus  CL11- 
5100)  was  screen-printed  first  onto  one  side  of  the  membrane. 
The  assembly  was  then  put  in  an  oven  and  heated  in  air,  first  at 
230  °C  for  30  min  and  then  at  750  °C  for  30  min.  The  assem¬ 
bly  was  cooled  slowly  to  room  temperature.  Then  the  anode 
catalyst  in  paste  form  was  screen-printed  onto  the  other  side 
of  the  membrane.  The  whole  assembly  was  then  put  in  the 
oven  and  heated  in  nitrogen  atmosphere,  first  at  230  °C  for 
30  min  and  then  at  750  °C  for  30  min.  The  PEN  assembly  was 
then  cooled  to  room  temperature  slowly  under  nitrogen. 

The  anode  materials  used  were  Pt  and  a  Ni-Mo-S  compos¬ 
ite  catalyst  [11].  Pt  was  applied  as  Pt  paste  (Heraeus  CL11- 
5100).  The  metal  sulfide-based  composite  anode  was  pre¬ 


pared  from  95  wt.%  Ni-Mo-S  (prepared  from  M0S2  +  NiS, 
1:1  weight  ratio)  and  5  wt.%  Ag.  A  paste  was  prepared  by 
dispersing  the  anode  materials  in  a-terpineol.  The  paste  was 
converted  into  the  catalytic  anode  by  sequentially  applying 
the  paste  to  the  anode  side  of  membrane,  drying  the  paste 
on  membrane,  heating  to  800  °C  in  nitrogen  for  30  min,  and 
cooling  the  assembly  slowly  to  room  temperature. 

2.4.  Installation  of  PEN  assemblies  into  the  fuel  cell  test 
station 

A  fuel  cell  test  station  similar  to  that  shown  in  Ref.  [8] 
was  constructed,  with  some  minor  modifications  that  did  not 
alter  the  principals  of  operation.  To  install  the  PEN  assem¬ 
bly  (2.54  cm  diameter)  into  a  test  fuel  cell,  first  the  cathode 
side  of  the  assembly  was  attached  to  a  supporting  annular 
alumina  disk  3.2  cm  in  diameter  and  0.3  cm  in  thickness  us¬ 
ing  ceramic  sealant  (Aremco  503).  An  opening  1.1  cm  in  di¬ 
ameter  in  the  center  of  the  supporting  ceramic  disk  allowed 
air  to  access  the  cathode.  The  combination  so  made  was 
then  sealed  with  ceramic  sealant  (Aremco  503)  between  two 
alumina  tubular  chambers  (outer  dimension  2.54  cm,  length 
40  cm),  as  described  in  Ref.  [8].  An  additional  3  mm  wide 
sealant  layer  was  applied  around  the  sealing  area  to  ensure 
a  good  seal.  Platinum  mesh  was  used  as  current  collectors. 
The  mesh  surface  was  refreshed  in  the  flame  of  a  gas  lamp 
prior  to  installation  for  each  experiment  [10].  The  cell  was 
then  heated  in  a  tubular  furnace  (Thermolyne  F79300),  with 
nitrogen  passing  through  the  anode  chamber  and  air  through 
the  cathode  chamber.  To  cure  the  sealant,  the  furnace  tem¬ 
perature  was  increased  at  0.8  °C  min-1  to  230  °C,  and  held 
at  that  temperature  for  1  h.  The  temperature  then  was  in¬ 
creased  to  a  selected  testing  temperature,  typically  600  °C, 
and  held  at  that  temperature  for  the  duration  of  each  set  of 
tests. 

2.5.  Measurement  of  H2S-air  fuel  cell  performance 

Cell  performance  was  determined  using  pure  H2S  as  the 
anode  feed.  The  cell  open  circuit  voltage  (OCV)  was  mon¬ 
itored  as  a  function  of  time  on  stream.  Data  were  recorded 
with  a  Gamry  electrochemical  measurement  system  (PC4- 
750).  Initial  electrical  performance  data  were  evaluated  to 
determine  cell  integrity.  Typically,  a  cell  that  had  no  leaks 
showed  a  steady  OCV  value  after  about  30  min.  An  OCV  that 
fluctuated,  or  that  had  a  persistently  low  value  (0.5-0. 6  V), 
indicated  possible  leaks  in  the  cell,  and  no  further  tests  were 
conducted  using  that  PEN  assembly. 

After  a  steady  OCV  was  achieved,  EIS  measurements 
were  performed  to  determine  cell  resistance.  The  frequency 
region  was  0.2-100,000  Hz  and  a  stimulating  AC  signal  of 
5  mV  was  imposed  onto  OCV.  Potentiodynamic  measure¬ 
ments  were  conducted  to  determine  the  cell  current-voltage 
performance  in  the  IR  compensation  mode  using  the  Gamry 
system  at  a  scanning  rate  of  1  mV  s-1  [10]. 
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2.6.  Stability  ofLi2SC>4  in  membranes  under  operating 
conditions 

L^SCL  was  reduced  when  heated  in  an  atmosphere  of 
H2  under  operating  conditions  for  a  H2-O2  fuel  cell  [15]. 
The  products  were  L^S  and  LiOH.  Consequently,  we  evalu¬ 
ated  the  stability  of  Li2S04  in  the  present  membranes  under 
H2S-O2  fuel  cell  operating  conditions.  XRD  were  obtained 
for  a  fresh  membrane  and  one  operated  for  5  h  at  700  °C.  In 
addition,  a  membrane  comprising  the  electrolyte  alone,  with¬ 
out  electrodes,  was  heated  to  700  °C  in  pure  H2S  for  7.5  h, 
and  XRD  of  the  fresh  and  treated  samples  were  compared.  In 
neither  case  was  any  evidence  found  for  formation  of  either 
Li2S  or  LiOH,  showing  that  Li2S04  is  stable  in  an  atmo¬ 
sphere  of  H2S,  in  agreement  with  the  findings  of  Peterson 
and  Winnick  [4]. 

3.  Results  and  discussion 

3.1.  Method  of  membrane  preparation 

Several  proton-conducting  membranes  have  been  pre¬ 
pared  based  on  Li2S04.  However,  it  was  found  to  be  very 
difficult  to  obtain  an  integral  wafer  by  pressing  Li2S04  alone. 
These  membranes  were  very  powdery  after  being  heated  in 
air.  Particles  adhered  to  each  other  loosely  and  were  easily 
abraded  from  the  membrane. 

Proton-conducting  membranes  with  improved  mechanical 
and  electrical  properties  have  been  prepared  using  a  mixture 
of  Li2S04  and  AI2O3  [7,16,17].  However,  it  remained  diffi¬ 
cult  to  prepare  integral  membranes  by  pressing  a  mixture  of 
L^SCL  and  AI2O3  alone.  We  have  now  found  that  addition 
of  2.5-5  wt.%  boric  acid  to  a  Li2S04-Al203  mixture  greatly 
enhanced  the  integrity  of  the  electrolyte  wafer.  A  key  factor 
appeared  to  be  that  the  water  content  in  the  mixture  powder 
that  could  be  lost  on  heating  the  wafer  was  about  10  wt.%, 
but  the  reason  for  this  amount  is  not  presently  known. 

Membranes  containing  different  ratios  of  L^SCL  and 
AI2O3  obtained  after  a  single  pressing  and  heating  sequence 
had  similar  membrane  morphology.  They  were  all  fragile  and 
very  porous.  Powder  was  found  to  detach  easily  from  each 
membrane.  Optical  microscopic  inspection  indicated  loose 
adherence  between  particles,  and  many  cavities  were  found 
on  the  membrane  surface.  SEM  images  (Section  3.2)  con¬ 
firmed  these  observations.  The  membranes  were  sufficiently 
porous  to  allow  H2S  cross-over.  Thus  a  process  compris¬ 
ing  a  single  cycle  of  mixing,  grinding,  pressing  and  heating 
did  not  enable  manufacture  of  membranes  with  an  appropri¬ 
ate  microstructure  to  prevent  gas  permeability,  and  the  low- 
density  membranes  so  made  were  not  structurally  sound.  It 
was  found  that  a  procedure  comprising  mixing,  drying  and 
then  a  repeated  sequence  of  grinding,  pressing  and  heating 
(3-5  times)  afforded  a  more  dense  membrane.  Similar  pro¬ 
cedures  with  two  cycles  of  the  sequence  have  been  described 
elsewhere  [4,18]. 


In  the  repeated  grinding,  pressing  and  heating  procedure, 
a  Li2S04-Al203  membrane  prepared  as  above  was  ground 
again  until  the  particle  size  was  less  than  75  jam.  The  resulting 
powder  was  wetted  again  by  standing  in  a  humidified  atmo¬ 
sphere  until  the  weight  gain  was  around  10  wt.%  of  the  final 
weight.  The  resulting  powder  was  then  pressed  and  heated 
again  to  form  a  second  wafer.  Optical  microscopic  inspec¬ 
tion  confirmed  an  improvement  in  the  membrane  morphol¬ 
ogy  with  denser  structure  and  less  loose  particles  or  cavities 
on  the  surface.  The  procedure  was  repeated  up  to  five  times, 
after  which  no  further  benefit  accrued. 

Although  fuel  cell  performance  was  improved  when  us¬ 
ing  a  membrane  prepared  from  repeatedly  ground,  pressed 
and  heated  material,  the  repetitive  procedure  was  time- 
consuming.  Consequently,  two  alternative  approaches  were 
tried  in  attempts  to  find  a  more  efficient  procedure  for  prepar¬ 
ing  dense  and  strong  membranes.  In  one  approach,  the  sodium 
salt  of  poly(acrylic  acid)  (1-1.8  wt.%)  was  used  as  binder  in 
the  mixture  of  L^SCL  and  AI2O3.  Use  of  the  binder  made 
it  easier  to  obtain  an  integral  membrane  wafer  by  pressing. 
However,  during  heat-treatment,  the  binder  was  destroyed 
by  oxidation  in  air,  and  this  left  voids  in  the  material.  Read¬ 
ily  detachable  powder  was  again  observed  on  the  membrane 
surface.  SEM  showed  enlarged  particles  and  cavities  (see  be¬ 
low).  Thus  use  of  polymer  binder  did  not  improve  the  integrity 
or  stability  of  the  resulting  membrane,  and  the  membrane  was 
porous. 

In  another  approach,  H3BO3  (2.5  or  5  wt.%)  was  in¬ 
corporated  as  a  well-dispersed  additive  throughout  the 
Li2S04-Al203  mixture  before  pressing  and  heating  the 
mixture.  The  mechanical  and  electrical  properties  of  the 
resulting  membrane  were  significantly  improved  by  the 
addition  of  H3BO3.  No  loose  particles  or  cavities  were 
observed  on  the  membrane  surface  using  optical  microscopy, 
although  a  small  fraction  was  observed  with  SEM.  The 
membranes  were  rigid  and  strong,  and  easy  to  handle  in  PEN 
fabrication  and  fuel  cell  testing.  No  H2S  cross-over  to  the  air 
chamber  was  observed  during  fuel  cell  testing.  Performance 
of  membranes  incorporating  H3BO3  was  similar  to  that  for 
those  made  using  the  re-grinding  and  reheating  procedure. 
Thus,  H3BO3  is  a  promising  additive  for  the  preparation  of 
high-performance  membranes. 

3.2.  Morphologies  of  membranes 

Following  preliminary  inspection  of  membranes  with 
optical  microscopy,  the  membrane  morphology  was  inves¬ 
tigated  further  with  SEM  and  EDX  techniques.  A  SEM 
image  of  a  membrane  prepared  from  a  binary  mixture  of 
Li2S04  and  AI2O3  is  shown  in  Fig.  2 A.  Cavities  pervaded 
throughout  the  membrane,  and  many  cracks  were  seen  on  the 
surface. 

Table  2  shows  the  elemental  atomic  proportions  on  vari¬ 
ous  membrane  surfaces.  Since  light  elements  such  as  Li  and 
B  cannot  be  analyzed  with  EDX  technique,  only  results  for 
ratios  of  Al,  S  and  O  are  shown.  Compared  with  the  com- 
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Fig.  2.  SEM  images  of  90  wt.%  LESC^  +  10  wt.%  AI2O3  membrane  after  heat-treatment  in  air.  (A)  Without  organic  binder;  (B)  with  organic  binder. 


position  of  the  bulk  of  the  membrane  prepared  from  Li2S04 
and  AI2O3  alone,  the  overall  Al  surface  proportion  for  the 
membrane  was  up  to  twice  as  high  as  the  bulk  proportion 
of  Al,  and  that  of  S  was  very  close  to  the  bulk  propor¬ 
tion.  EDX  results  in  Table  2  also  indicated  that  the  matrix, 
as  indicated  by  the  membrane  surface  after  excluding  loose 
particles,  comprised  mainly  Li2S04  (S/O  =  0.3 10),  and  that 
the  AI2O3  content  was  very  low  (Al/O  =  0.002).  Meanwhile 
the  particles  contained  virtually  no  sulfate  (S/O  =  0.002).  In 
combination,  these  results  implied  segregation  and  accumu¬ 
lation  of  Al  on  the  membrane  surface,  and  therefore  sepa¬ 
ration,  rather  than  integration,  of  Li2S04  and  AI2O3  in  the 
membrane. 


Fig.  2B  shows  a  SEM  photograph  of  the  membrane 
prepared  from  the  Li2S04-Al203  mixture  when  using 
the  sodium  salt  of  poly(acrylic  acid)  as  an  organic  binder. 
Enlarged  particles,  cavities  and  boundary  gaps  are  clearly 
visible.  The  amount  of  particles  was  increased  greatly 
when  compared  with  the  membrane  prepared  using  no 
organic  binder,  and  these  particles  adhered  very  loosely  to 
each  other.  No  improvement  was  observed  in  membrane 
morphology  when  compared  to  a  membrane  prepared 
without  binder.  EDX  results  (Table  2)  again  indicated  that 
the  surface  particles  comprised  mainly  AI2O3  and  that  the 
matrix  comprised  mainly  Li2S04.  The  overall  Al  surface 
proportion  was  nearly  five  times  higher  than  that  of  the  bulk 


6 


G.-L.  Wei  et  al.  /  Journal  of  Power  Sources  145  (2005)  1-9 


Table  2 


Elemental  atomic  compositions  of  membrane  surfaces  as  determined  using 
EDXa 


Membrane,  90  wt.% 
LFSCU  + 10  wt.% 

AI2O3 

Analysis  area 

Atomic  proportions 

Al/O 

S/O 

No  binderb 

Bulk,  calculated 

0.055 

0.229 

Overall  surface 

0.126 

0.296 

Matrix 

0.002 

0.310 

Particle 

0.988 

0.002 

+Binderc 

Bulk,  calculated 

0.055 

0.229 

Overall  surface 

0.464 

0.222 

Matrix 

0.002(5) 

0.309 

Particle 

0.971 

<0.001 

+5  wt.%  H3B03d 

Bulk,  calculated 

0.051 

0.214 

Overall  surface 

0.031 

0.373 

Area  1  (particle) 

1.019 

0.019 

Area  2  (particle) 

0.037 

0.335 

Area  3 

<0.001 

0.487 

+2.5  wt.%  H3B03e 

Bulk,  calculated 

0.053 

0.222 

Overall  surface 

0.047 

0.388 

Area  1  (particle) 

0.868 

0.006 

Area  2 

0.010 

0.423 

a  Atomic  percentage  for  O,  Al,  S  only;  Li,  B  are  not  detected  using  EDX 
(n.d.:  not  detected). 

b  See  Fig.  2A  for  the  corresponding  SEM  photo. 

c  See  Fig.  2B  for  the  corresponding  SEM  photo. 

d  See  Fig.  3A  for  the  corresponding  SEM  photo  and  the  analysis  area 
explication. 

e  See  Fig.  3B  for  the  corresponding  SEM  photo  and  the  analysis  area 
explication. 

composition,  which  showed  significant  segregation  of  Al  to 
the  surface,  consistent  with  the  increase  in  the  amount  of 
AI2O3  particles  seen  on  the  membrane  surface. 

Addition  of  H3BO3  to  the  powdered  mixture  used  to 
prepare  the  membranes  resulted  in  significantly  improved 
integration  of  L^SCU  and  AI2O3  in  the  resulting  membrane. 
Fig.  3A  shows  the  SEM  image  of  the  membrane  containing 
5  wt.%  H3BO3.  The  membrane  showed  a  more  strongly 
integrated  surface,  although  cracks  and  some  adhering 
particles  could  still  be  seen,  which  indicated  a  need  for 
further  improvement  in  the  membrane  preparation  method. 
As  shown  by  EDX  results  (Table  2),  the  overall  surface 
proportion  of  Al  was  close  to  that  of  the  bulk  composition, 
while  the  surface  proportion  of  S  was  slightly  higher  than 
that  of  the  bulk.  The  composition  of  the  general  surface 
consisted  mainly  of  Li2S04  (Area  3,  Fig.  3A).  Some 
particles  consisted  mainly  of  AI2O3  combined  with  a  lesser 
amount  of  Li2S04  (Area  1,  Fig.  3A),  and  others  contained 
mainly  U2SO4  and  some  AI2O3  (Area  2,  Fig.  3A).  Similar 
results  were  obtained  for  the  membrane  containing  2.5  wt.% 
H3BO3  (Fig.  3B  and  Table  2),  except  that  a  small  number  of 
cavities  were  found  on  the  membrane  surface. 

3.3.  Electrical  conductivity  of  membranes 

EIS  technique  was  used  to  study  the  change  in  the  mem¬ 
brane  electrical  conductivity  with  temperature.  Fig.  4  shows 
the  conductivity  as  a  function  of  temperature  for  membranes 


with  different  H3BO3  proportion:  0,  2.5  and  5  wt.%.  A  small 
increase  in  electrical  conductivity  occurred  as  a  result  of 
incorporation  of  H3BO3 .  An  abrupt  change  in  the  cell  conduc¬ 
tivity  occurred  around  575  °C,  the  temperature  of  which  was 
the  same  for  each  membrane,  with  or  without  H3BO3  (Fig.  4). 
Conductivity  increases  little  with  temperature  above  575  °C. 
Below  575  °C,  it  decreases  dramatically.  This  indicates  that 
575  °C  is  the  lowest  operating  temperature  appropriate  for 
the  present  L^SC^ -based  proton-conducting  membranes. 
This  phenomenon  is  attributed  to  the  L^SC^  phase  transfor¬ 
mation  known  to  occur  at  577  °C  [4].  Li2S04  is  in  the  cubic 
a-phase  above  577  °C,  which  has  high  proton  conductivity, 
and  in  the  monoclinic  (3 -phase  below  577  °C,  which  has  low 
proton  conductivity,  as  described  by  Peterson  and  Winnick 
[4].  As  seen  in  Fig.  4,  a  hysteresis  phenomenon  was  observed 
around  575  °C  with  increasing  temperature  while  no  such 
phenomenon  was  observed  with  decreasing  temperature. 
The  hysteresis  implied  a  slower  transformation  rate  from 
(3-phase  to  a-phase  while  the  reverse  process  was  relatively 
rapid. 

3.4.  Fuel  cell  performance 

Baseline  tests  were  run  with  membranes  prepared  from 
Li2S04  alone.  Solid  sulfur  was  found  in  the  cathode  chamber 
after  the  cell  had  been  cooled  to  room  temperature,  indicating 
that  H2S  had  crossed  over  through  the  membrane.  Current 
densities  were  low  and  close  to  reported  values  for  a  different 
membrane  [4],  and  disrupted  I-V  curves  were  obtained. 

Further  tests  then  were  run  with  L^SC^-based  proton¬ 
conducting  membranes  that  contained  other  additives. 
Current-voltage  (Fig.  5)  and  current-power  (Fig.  6)  perfor¬ 
mance  were  determined  for  each  of  various  membranes  used 
in  the  preparation  of  PEN  assemblies. 

3.4.1.  Comparison  of  anode  catalysts 

Both  Pt  [3-5]  and  the  composite  material  derived  from 
(Ni-Mo-S  +  Ag)  [10]  have  been  used  as  starting  materials 
for  anodes  in  F^S-air  fuel  cells,  mainly  with  oxide  ion¬ 
conducting  membranes.  To  compare  their  performances  in 
H2S-air  fuel  cells  using  L^SCU -based  proton-conducting 
electrolytes,  membranes  were  prepared  from  wafers  pre¬ 
pared  by  doubly  grinding,  pressing  and  heating  the  mate¬ 
rial  prepared  from  the  mixture  (90  wt.%  Li2S04  +  10  wt.% 
AI2O3).  Figs.  5  and  6  compare  the  performances  for  fuel 
cells  with  Pt  and  metal  sulfide-based  composite  anodes.  Both 
cells  showed  very  similar  performance  with  maximum  cur¬ 
rent  density  about  20  mA  cm-2  and  maximum  power  density 
around  9  mW cm-2.  However,  the  metal  sulfide-based  com¬ 
posite  anode  was  more  stable  than  Pt  over  time  on  stream.  Pt 
reversibly  formed  PtS  in  high-temperature  H2S  atmosphere, 
leading  to  its  delamination  from  the  membrane  during  cell  op¬ 
eration,  as  was  previously  observed  also  for  solid  oxide  mem¬ 
branes  [5,8,9].  The  metal  sulfide-based  composite  anodes  did 
not  delaminate.  Another  advantage  of  using  the  metal  sulfide- 
based  composite  anode  is  that  it  is  possible,  by  adjusting  the 
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Fig.  3.  SEM  images  of  membrane  after  heat-treatment  in  air:  (A)  95wt.%  (0.9Li2SO4  +  0.1Al2O3)  +  5  wt.%  H3BO3;  (B)  97.5  wt.% 

(0.9Li2SO4  +  0.1Al2O3)  +  2.5  wt.%  H3BO3. 


anode  chemical  composition,  to  tailor  its  activity  and  stability 
to  the  conditions  of  the  system  and  its  thermal  compatibility 
with  the  membrane  [10,11,19,20]. 

3.4.2.  Influence  of  membrane  composition  on  fuel  cell 
performance 

Fuel  cell  performances  of  different  membranes  were  deter¬ 
mined  using  the  same  composition  for  the  metal  sulfide-based 
composite  anode  (95  wt.%  Ni-Mo-S  +  5  wt.%  Ag).  Fuel  cells 
using  low-density  Li2S04-Al203  membranes,  such  as  those 
obtained  using  a  single  sequence  of  mixing,  grinding,  press¬ 
ing  and  heating,  showed  fluctuating  and  very  low  open  circuit 
voltage  and  poor  current-voltage/power  performance.  Sulfur 


deposits  were  found  in  the  cathode  (air)  chamber  after  the  cell 
was  cooled  down.  These  effects  were  caused  by  cross-over  of 
H2S,  which  lead  to  reaction  with  air  in  the  cathode  chamber. 
The  Pt  cathode  also  degraded  in  the  presence  of  sulfur.  Thus 
low-density  membranes  were  unsuitable  for  use  in  F^S-air 
fuel  cells. 

An  improvement  in  F^S-air  fuel  cell  performance  was 
achieved  when  using  membranes  comprising  only  L^SCU 
and  AI2O3  by  repeating  the  grinding-pressing-heating 
membrane  preparation  sequence  several  times.  Figs.  7  and  8 
show  fuel  cell  performance  using  a  membrane  prepared  by 
repeating  the  sequence  three  times.  The  maximum  current 
density  was  approximately  doubled  to  about  40  mA  cm-2, 
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Fig.  4.  Change  of  resistance/thickness  with  temperature.  Electrolyte  com¬ 
position:  (100  —  A)  wt.%  (0.9Li2SO4 +  0.1Al2O3)+Xwt.%  H3BO3. 


Fig.  5 .  Comparison  of  I-V performance  for  H2  S-air  fuel  cells  with  Pt  or  com¬ 
posite  materials  derived  from  (Ni-Mo-S  +  Ag)  as  anodes.  Cathode:  Pt;  oper¬ 
ating  temperature:  650  °C.  Flow  rate  -  H2S :  20  mL  min- 1 ;  air:  20  mL  min- 1 . 

and  the  maximum  power  to  about  20  mW  cm-2,  when  com¬ 
pared  with  the  performance  of  a  membrane  prepared  using 
doubly  processed  material  (Figs.  5  and  6).  Repeating  the  pro¬ 
cess  steps  appeared  to  improve  both  membrane  structure  by 
reducing  the  incidence  of  cavities,  and  electrical  performance 
by  improving  interparticulate  contacts  in  the  membrane. 


Fig.  6.  Comparison  of  I-P  performance  for  H2  S-air  fuel  cells  with  Pt  or  com¬ 
posite  materials  derived  from  (Ni-Mo-S  +  Ag)  as  anodes.  Cathode:  Pt;  oper¬ 
ating  temperature:  650  °C.  Flow  rate-F^S:  20  mL  min-1 ;  air:  20  mL  min-1 . 


Fig.  7.  I-V  performance  for  H2 S-air  fuel  cells  with  different  mem¬ 
branes.  Anode:  composite  materials  derived  from  (Ni-Mo-S -i-Ag).  Cath¬ 
ode:  Pt;  operating  temperature:  600  °C.  Flow  rate  -  H2S:  20  mL  min-1 ;  air: 
20  mL  min- 1 . 

Fuel  cells  having  Li2S04-Al203  membranes  incor¬ 
porating  2.5  or  5  wt.%  H3BO3  prepared  using  only  one 
pressing-heating  sequence  showed  similar  high  perfor¬ 
mances  (Figs.  7  and  8)  to  membranes  with  no  H3BO3  that 
had  been  processed  up  to  five  times.  No  F^S  permeation 
through  these  membranes  was  observed  during  fuel  cell  tests. 
Thus  a  similar  enhancement  in  performance  was  attained 
without  the  need  for  a  repeated  grinding-pressing-heating 
sequence.  Three  compositions  of  materials  were  used 
to  prepare  membranes  installed  in  fuel  cells:  [95  wt.% 
(0.9Li2SO4  +  0. 1 AI2O3)  +  5  wt.%  H3BO3],  [97.5  wt.% 

(0.9Li2S04  +  0.1Al203)  + 2.5  wt.%  H3BO3],  and  [95  wt.% 
(0.75Li2SO4  +  0.25Al2O3)  +  5  wt.%  H3BO3].  Fuel  cells 
containing  each  of  these  membranes  showed  performances 
similar  to  that  of  a  membrane  comprising  only  Li2S04  and 
AI2O3  that  had  been  processed  three  times.  The  maximum 
power  densities  were  each  about  20mWcm-2,  and  the 
maximum  current  was  around  40  mA  cm-2 .  The  addition  of 
2. 5-5.0  wt.%  H3BO3  improved  the  mechanical  properties 
ofLi2S04-Al203  composite  membranes,  allowed  no  cross- 
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Fig.  8.  I-P  performance  for  H2 S-air  fuel  cells  with  different  mem¬ 
branes.  Anode:  composite  materials  derived  from  (Ni-Mo-S -i-Ag).  Cath¬ 
ode:  Pt;  operating  temperature:  600  °C.  Flow  rate  -  F^S:  20  mL  min-1 ;  air: 
20  mL  min- 1 . 
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over  of  H2S,  and  did  not  compromise  the  electrochemical 
performance  of  the  membranes. 

4.  Conclusions 

Proton-conducting  membranes  comprising  L^SC^  and 
AI2O3  with  2.5  or  5.0wt.%  H3BO3  membranes  had  higher 
integrity  and  strength  than  membranes  prepared  without 
H3BO3,  and  had  good  electrical  performance.  The  use  of 
the  sodium  salt  of  poly(acrylic  acid)  as  organic  binder  gave 
a  porous  and  gas  permeable  membrane  with  poor  integrity, 
cracks  and  cavities,  with  segregated  AI2O3  particles  loosely 
adhering  to  each  other  and  to  the  membrane  surface.  Sig¬ 
nificant  H2S  permeation  was  found  for  low-density  mem¬ 
branes  in  a  laboratory  fuel  cell.  A  process  comprising  mixing 
L^SCU  and  AI2O3  alone  and  then  a  repeated  sequence  of 
grinding,  pressing  and  heating  the  resulting  mixture  afforded 
a  membrane  having  increased  density,  improved  mechanical 
integrity,  and  decreased  H2S  permeability,  but  the  process 
was  time-consuming.  Addition  of  H3BO3  to  Li2S04-Al203 
mixtures  before  preparing  the  membrane  provided  the  same 
benefits  through  a  single  process  sequence.  There  was  no 
Al  segregation  to  form  AI2O3  particles  at  the  surface  of 
membranes  incorporating  H3BO3,  in  contrast  to  membranes 
without  H3BO3.  H2S  did  not  permeate  through  H3BO3- 
containing  membranes. 

The  membranes  are  stable  during  operation  of  H2S-O2 
fuel  cells,  whereas  they  are  unstable  during  operation  of 
H2-O2  fuel  cells 

A  Ni-Mo-S  and  Ag  composite  anode  showed  similar  ac¬ 
tivity  to  Pt  anodes.  The  Ni-Mo-S  catalyst  had  higher  stability 
than  Pt  catalyst  during  cell  operation  and,  in  contrast  to  Pt, 
did  not  delaminate  from  any  of  the  electrolytes.  Maximum 


power  densities  were  about  20  mW  cm  2  and  maximum  cur¬ 
rent  densities  were  around  40mA  cm-2. 
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